Although more than a thousand bacterial genomes have been sequenced, our understanding of bacterial transcriptomes has lagged far behind (see the NIH database at http: //www.ncbi.nlm.nih.gov/genomes/genlist.cgi?taxidϭ2&type ϭ0&nameϭComplete%20Bacteria). The physical structure of prokaryotic transcriptomes-operon linkages and transcript boundaries, for instance-is not defined on a genomewide level for any species. Even though this information represents a critical step in understanding the functional and regulatory architecture of the genome, it has been explored on a large scale (Ͼ10% of the transcriptome) in only a few instances (6, 16) . Similarly, although global gene expression in bacteria is routinely studied in a relative sense, where expression patterns occurring in two or more conditions are compared, there have been few attempts to comprehensively profile a bacterial transcriptome from an unbiased perspective. Consequently, little is known about the absolute composition of the mRNA population within a bacterial cell or about how individual cells' mRNA content might differ.
Recent advances in high-throughput DNA sequencing have made it possible to define nucleic acid populations at an unprecedented depth and resolution. Here we report the use of a sequencing-based approach (RNA-Seq) (17, 24) in assembling the first comprehensive, single-nucleotide resolution view of a bacterial transcriptome. 2 ) was grown in modified G medium (MGM) at 37°C (with shaking at 250 rpm) and in MGM plus 0.8% sodium bicarbonate in 14 to 15% CO 2 at 37°C (with shaking at 150 rpm). Cells were harvested throughout the bacterial life cycle, as indicated in Fig. 1A and Table 1 (our primary aim here was to maximize the number of transcripts represented within the samples that were collected). RNA was collected in four biological replicates from each of the eight points and under the conditions indicated in Fig. 1A and Table 1 .
MATERIALS AND METHODS

Growth of Bacillus anthracis Sterne (34F 2 ). B. anthracis Sterne (34F
RNA isolation. RNA collection was done by hot-phenol extraction as described previously (1) (the full protocol is available at http://bergmanlab.biology .gatech.edu). All samples were processed using the Qiagen RNeasy RNA cleanup protocol with on-column DNase digestion for removal of genomic DNA. Multiple 10-g quantities of each RNA sample were depleted of rRNA, using an Ambion MicrobExpress kit per the manufacturer's instructions. Since rRNA depletion removed most of the RNA in a given sample (rRNA constituted Ն75% of the total RNA) and the resulting mRNA yields were consequently quite low, isolates from equivalent culture conditions were pooled in equal measure to bring the total RNA sample back up to 10 g prior to cDNA synthesis. Samples were assayed for RNA integrity on a Bio-Rad Experion automated electrophoresis station with prokaryotic RNA StdSens chips and were quantitated on a NanoDrop 1000 spectrophotometer.
cDNA synthesis. After rRNA depletion, ϳ10 g of rRNA-depleted mRNA was used to make cDNA, using an Invitrogen SuperScript II double-stranded cDNA synthesis kit with random hexamers according to standard protocols. All preparations were quantitated on a NanoDrop 1000 spectrophotometer. The full cDNA preparation protocol is available at http://bergmanlab.biology.gatech.edu.
DNA sequencing. SOLiD sequencing was performed at Agencourt Bioscience (Beverly, MA) and SeqWright (Houston, TX). Library preparations, fragment library protocols, and all SOLiD-run parameters followed standard Applied Biosystems protocols. Illumina/Solexa sequencing followed standard Illumina/ Solexa methods and protocols. Both systems were used because in this study our aim was simply to collect as much sequence coverage as possible, and in pursuing this goal, we utilized all available sequencing systems. We note, however, that the relative performances (overall coverage, data output, etc.) noted in Table 1 for the Illumina and Applied Biosystems sequencing platforms cannot be compared directly. This study was not intended or designed to be a direct comparison of the two systems, and interpreting the differences shown in Table 1 is difficult given the many differences in cDNA/library preparation and the rapid evolution of each system over the past year.
Mapping and processing sequence data. Illumina sequence data were mapped to the B. anthracis Ames Ancestor genome, using SOAP (13) with 3Ј-end trimming and a tolerance of Յ4 nucleotide mismatches. ABI SOLiD data were mapped, using SOCS (18) with a tolerance of Յ5 mismatches. SOCS generates both a best match for each read and a genome-wide census of sequence coverage; since SOAP provides only the former, ad hoc Perl scripts (available at http: //bergmanlab.biology.gatech.edu) were used to generate coverage data, using the best-match information. Once in coverage depth form, the SOLiD and Illumina data were processed identically.
Quality control and statistical and bioinformatic analysis of sequence data. Coverage data sets (including only unambiguously mapped reads) for each sample were checked to ensure that both strands' data (considered separately by SOAP and SOCS) were closely related. In all cases, we noted a Pearson correlation of Ͼ0.93; therefore, the plus-and minus-strand data were merged. Technical replicates all showed correlations of Ͼ0.99, and data were merged to yield 8 sample data sets, which were analyzed for several potential biases. Coverage depth (measured as hits per nucleotide) was compared to gene length by calculating a Spearman rank correlation coefficient between the two across the genome, with no significant correlation found in any sample. Similarly, neither the signal itself nor the local (i.e., within-gene) variance within the signal showed a significant correlation with GC content (using window sizes of 1 or 35 nucleotides [nt] for calculating GC content). Finally, we compared the average coverage depth for the 5Ј quarter of each gene to the average coverage depth within the corresponding 3Ј quarter, using a Mann-Whitney test, and found no significant bias.
Statistical analyses were done using R, Microsoft Excel 2008, and GraphPad Prism 5.0a. Processing of sequence data for mapping or quantification was done using custom Perl scripts that are available for download at http://bergmanlab .biology.gatech.edu.
Transcript start site identification. Transcript start sites were flagged using the following set of rules. (i) Genes with an average coverage score (i.e., an average sequence data coverage depth) of Յ0.5 were flagged as "insufficient data." (ii) Genes with an average coverage score of Ͼ0.5 and continuous coverage that extends into a codirectional upstream gene were flagged as downstream members of an operon. (iii) For all other genes, we began at the open reading frame midpoint and moved through the coverage data toward the 5Ј end of the gene, as follows. If a coverage depth score of 0 was encountered, we checked the number of adjacent 0 scores. If the number was Ͻ35, we ignored it; if it was Ն35, anthracis in MGM, with approximate RNA collection points shown by arrows. The atmosphere under which each sample was collected is indicated; note that growth rates in air and 15% CO 2 environments were similar, with slightly slower growth in CO 2 . OD 600 , optical density at 600 nm. For each candidate region, nonzero scores that were Ͼ100 nt from any known noncoding RNA gene were counted. If Ͼ100 nonzero scores were found and their average coverage depth was above the depth for all genes in the B. anthracis genome (each sample considered separately) and if the GBAA number corresponded to a gap in the known annotation (i.e., the candidate region occurred between two genes whose GBAA numbers were two apart), the region was tagged as a "dropped" locus. If the region occurred between two genes with adjacent GBAA numbers, the region was tagged as "new."
Genes that may have incorrectly been called start codons were identified by looking for loci that have significant coverage depth (greater than or equal to the median coverage depth for all genes in the genome) across the gene but very little coverage depth around the annotated start codon (Ͼ15 of the 20 positions between Ϫ10 and ϩ10 of the gene's translational start site having a score of 0). SYBR green qRT-PCR. For quantitative reverse transcription-PCR (qRT-PCR) validation experiments, 18 genes were chosen to represent a range of SOLiD scores in coverage depth (scores of Ͼ6,000.00 to ϳ20.00). Experiments were performed using Applied Biosystems Power SYBR green RNA-to-CT one-step mix (3 experimental replicates; controls included two reactions with no reverse transcriptase and one reaction with no RNA). Reactions were run on an ABI Prism 7000. Threshold cycle values were averaged.
End-point RT-PCR for operon pair assessment. End-point RT-PCR was performed using an Invitrogen SuperScript III one-step RT-PCR system with Platinum Taq DNA polymerase. For each pair, four primers designated A, B, C, and D were designed, whereby A and B would amplify a region within gene 1, C and D would amplify a region within gene 2, and A and D would amplify across the intergenic region if a contiguous transcript existed (see Fig. S4 in the supplemental material). Reactions were visualized on 2% agarose gels stained with ethidium bromide.
5-End validation using template switching with extension (TSx). The 5Ј (untranslated regions [UTRs]) of selected mRNA transcripts were assessed using TSx (a modified 5Ј rapid amplification of cDNA ends [RACE] protocol [15] ) that uses a reverse transcriptase template-switching extension step with a "step-out" PCR amplification followed by Sanger sequencing (Agencourt Bioscience Corporation, Beverly, MA). Briefly, TSx was done as follows. Invitrogen SuperScript II reverse transcriptase was used with random hexamers and a non-gene-specific 3-riboguanosine primer (TSx primer; Dharmacon RNAi Technologies) for cDNA synthesis with a TSx. The SuperScript II reverse transcriptase enzyme adds three nontemplated C's at the end of reverse transcription, and the TSx primer with three riboguanosines then adds an extended known sequence to the 5Ј end of the first-strand template-switching cDNA. Three subsequent PCR amplifications were performed as follows. The first PCR (PCR1) used the TSx cDNA pool as templates, a gene-specific primer located far upstream of the ATG start site (primer TS far), and a step-out heel carrier primer (SO heel carrier) complementary to the TSx primer sequence with an additional known sequence at the 5Ј end. Positive-control reactions using gene-specific primers that are located within the open reading frame sequence were used in PCR1 to test if the transcript of interest was present in the TSx cDNA pool. If the transcript was present, then PCR2 was undertaken, using a gene-specific primer (GSP) complementary to a more upstream sequence within the open reading frame (GSP inner) and a heel-Udist primer complementary to the new known sequence that was added by the SO heel carrier primer with another new 5Ј-end known sequence. A negative-control experiment, using only the heel-Udist primer (zero GSP primer) was also performed in order to distinguish background amplification from gene-specific amplification. These samples were then run on a 2% agarose gel and gel purified. The gel-purified DNA was used as a template for PCR3 (amplification step), using the GSP inner primer in excess of the heelUdist primer to amplify enough DNA for Sanger sequencing. PCR products were sent to Agencourt Bioscience for sequencing using a gene-specific primer to amplify from within the open reading frame out toward the 5Ј end. Raw sequence data were then analyzed by hand. A TSx UTR was defined as the sequence upstream of the ATG start site of the open reading frame in question up through the TSx and SO heel carrier primer sequences, using the B. anthracis Ames Ancestor genome as the reference.
The full protocol with primer sequences and touchdown PCR cycling parameters can be found at http://bergmanlab.biology.gatech.edu. Note that the TSx, SO heel carrier, and heel-Udist primers were designed with the B. anthracis genome in mind (i.e., they have very low homology in that genome), and so these primer sequences may not be appropriate for other bacteria.
In order to verify that the TSx protocol was able to produce valid 5Ј-terminus sequences, we compared the TSx-derived 5Ј sequence obtained from the GBAA1981-6 operon with the transcriptional start site that had been previously determined by conventional primer extension analysis (3). The 5Ј start sites matched perfectly. This locus was used in subsequent TSx versus RNA-Seq start site comparisons, and the remaining loci used for comparing start site measurements were chosen based on the following two criteria: (i) having an average sequence coverage score of Ͼ500 hits/nt and (ii) having a putative UTR based on sequencing data of Ͼ40 nt (see Fig. S3B through K in the supplemental material). All genes assayed were taken from sample 6 ( Table 1) .
Primer sequences. All primer sequences are available upon request. Measurement of gene expression using sequence coverage data. The expression level for a given gene in a given sample was measured as the mean coverage depth for all nucleotides in that gene, with genes that contained repeats that did not allow for unambiguous mapping set aside and not considered further (there were Ͻ100 of these genes). For comparative purposes, coverage profiles were normalized based on the total number of unambiguously mapped reads across the genome for each sample. Microarray data used for comparative purposes were those collected by Bergman et al. (1) and archived in ArrayExpress (accession number E-MEXP-788); specific data sets used are noted in the text.
Sequence data accession numbers. SOLID and Genome Analyzer sequence data are available as both raw short read data and processed coverage plots on 
RESULTS AND DISCUSSION
Definition of a bacterial transcriptome by ultra-highthroughput sequencing. Our model system for this study was B. anthracis, a spore-forming bacterium and the causative agent of anthrax. Studies over the past several years have defined global gene expression patterns throughout the B. anthracis life cycle (1), and we used those data to identify a set of eight growth conditions in which we expected that the collective transcript diversity would be maximized. Total RNA was isolated from cells harvested throughout an entire life cycle in two growth environments (Fig. 1A) . After we enriched for mRNA by depleting the 16S and 23S ribosomal RNAs from our samples (see Fig. S1 in the supplemental material), RNA was converted to cDNA and subjected to shotgun sequencing, using the Illumina genome analyzer (2 samples) and Applied Biosystems SOLiD (6 samples) sequencing platforms ( Table 1) .
The short (ϳ35-nt) sequence reads produced by these systems were mapped to the B. anthracis genome, using software tools specific to each platform (Table 1) (13, 18) , with ambiguously mapped reads (i.e., those with more than one potential match in the genome) recorded separately and excluded from subsequent analyses. The unambiguously mapped reads (39,022,848, for a total of 1,353 Mbp of sequence data) were used to compile a coverage profile for each sample which reflects the depth of sequence data at each position in the B. anthracis genome (Fig. 1B ; see also Fig. S2 in the supplemental material). As expected, technical replicates showed a very high level of correlation (r Ͼ 0.99), while data from separate samples showed significant differences (Spearman correlations ranged from 0.237 to 0.797) reflective of the diverse growth conditions sampled.
Collectively, we observed that roughly 94% of the B. anthracis genome was transcribed in one or more growth conditions, though the fraction represented by transcript sequence data in any single sample was generally much less ( Table 1) . As in other studies using RNA-Seq, we noticed a relatively high level of signal variance within the sequence coverage, but we did not detect any significant biases relating coverage depth to gene length, position within a transcript, or GC content (see Materials and Methods). The only bias we noted was a slightly lower average coverage depth in the several hundred kilobases directly opposite the origin of replication ( Fig. 1B; see also Fig.  S2 in the supplemental material) . However, given that highly expressed genes in bacterial genomes tend to be found near the origin (22) , this may reflect a real biological trend rather than a technical bias.
Structure of the B. anthracis transcriptome. As we viewed the sequence coverage for each RNA sample, the overall structure of the B. anthracis transcriptome appeared plainly visible, both as continuous stretches of transcription through intergenic regions putatively representing multigene operons (i.e., two or more genes transcribed on one contiguous mRNA molecule) and as distinct transcript boundaries, where coverage showed sharp transitions (Fig. 1C) . These two features (operons and boundaries) have not been experimentally defined on a genome-wide scale for any bacterial species, and they are the foundation for a detailed description of a genome's regulatory architecture. Therefore, we used the sequence data to identify transcript boundaries across the entire genome. Note that although both 5Ј-and 3Ј-transcript boundaries are normally quite evident in the coverage data (Fig. 1C) , we focused primarily on 5Ј boundaries because regulatory mechanisms for transcription and translation in bacteria are typically mediated by sequences within or near 5Ј UTRs. Hence, we examined coverage data from each sample within and around each gene, using a straightforward set of rules to identify cooperonic genes and transcriptional start sites (TSSs). In our approach, we traced sequence coverage signals upstream from the midpoint of each gene. If coverage was continuous through the upstream intergenic sequence (IGS) and into the next codirectional gene, the gene was designated as being a downstream member of an operon (2,370 genes; 41%). Alternatively, if signal coverage dropped off in the IGS upstream of the open reading frame, we designated the point at which it fell to zero as a putative TSS (3,105 identified; 54%) (see Tables S1 and S2 in the supplemental material).
As with other bacteria (16), the 5Ј UTRs identified in this study were generally quite small. Of the 1,330 TSSs that were estimated with the highest confidence (i.e., TSS located in all 8 samples within a Յ40-nt window; see Tables S1 and S2 in the supplemental material), 1,164 were Յ40 nt, and only 37 were Ն100 nt (the genes with 5Ј UTRs Ն100 nt are listed in Table  S3 in the supplemental material). To validate our mapping approach, specifically for longer UTRs that may have regulatory functions, we used TSx (a modified 5Ј RACE [see Materials and Methods]) (15) to independently determine the TSS for a select group of genes. In general, sequence coverage-and TSx-derived start site estimates matched quite closely (see Fig.  S3 and Table S4 in the supplemental material). For instance, for the GBAA1981-6 (asb) operon UTR (Fig. 1C) , the two methods indicated start sites that were 9 nt apart ( Fig. 2A ; see also Fig. S3A in the supplemental material) . Overall, in defining TSS using both methods, 8 of 11 were within 15 nt of each other, with 5 cases having a separation of fewer than 5 nt (see Fig. S3 and Table S4 in the supplemental material).
Along similar lines, we sought to validate our approach to identifying operon structure by performing end-point RT-PCR on select gene pairs (see Fig. S4 and Table S5 in the supplemental material). With the exception of one pair that was chosen because it is highly likely to be cooperonic, the chosen gene pairs had large intergenic distances (100 to 200 nt), with a high level of sequence coverage in the IGS. In each case, we found that operon structures indicated by sequence data were confirmed by RT-PCR, thus validating the sequencing approach for operon identification.
One advantage of an unbiased approach is that we can directly test the current B. anthracis genome annotation by comparing it with global transcriptional data. First, we looked for transcription in regions that were originally annotated as genes but that had been subsequently removed from the genome. We found 36 loci that had been dropped from the genome but showed significant transcriptional activity and an additional 21 nonannotated regions with significant levels of transcriptional activity that were Ͼ250 nt from any known gene ( Fig. 2B ; see also the text in the supplemental material). Only two annotated genes revealed no transcriptional activity at all (GBAA0736 and -3309); both are small (132 and 96 bp, respectively) and encode hypothetical proteins. Lastly, a persistent challenge in bacterial genome annotation is differentiating internal methionine codons from true translational start sites. We searched our coverage data for transcripts with 5Ј ends starting downstream of the currently annotated translational start site and identified 11 genes whose start codons may have been incorrectly annotated ( Fig. 2C ; see also the text in the supplemental material).
We note that the RNA-Seq method has the potential to identify small regulatory RNAs as well, and we expect that our data may reflect the presence of these transcripts as well. However, a comprehensive sampling of small RNAs requires very different protocols for RNA isolation and library preparation, and we expect that some of the steps in the protocols used for this study, although essential for the experiments described here, may have biased our samples against small RNA sequences. We have therefore not included an analysis of these elements in this study, and a more complete analysis of noncoding RNAs in B. anthracis is currently under way in our laboratory.
Global transcript abundance and complexity in B. anthracis. In addition to providing a means of determining the physical 
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STRUCTURE OF A BACTERIAL TRANSCRIPTOME 3207 structure of the B. anthracis transcriptome, the sequence data collected in our study present an opportunity to view gene expression in a way that is not biased by sequence-specific differences in hybridization efficiency. In order to minimize the effects of noise, we measured the expression level of each gene as an average coverage depth across the entire length of each gene, expressed in hits per nucleotide (a small number of genes [Ͻ100] that contained exact repeats and therefore did not allow for unambiguous mapping were not considered). As expected, these expression measurements showed a strong correlation with both absolute microarray intensities (1) and qPCR data ( Fig. 3A and B) , though we note that the dynamic range for the sequencing-based data was much greater (ϳ2 20 for sequence data versus ϳ2 10 for microarray data). This difference is consistent with the results of other RNA-Seq studies (14, 17, 23, 24) and helps explain why the correlation between array-and sequencing-based expression measurements is somewhat weaker for genes expressed at extremely high or low levels.
Conveniently, genome-wide studies of B. anthracis gene expression throughout its life cycle in vitro or during growth in various atmospheric conditions have been published recently (1, 2, 20) , and we were able to use these data in confirming the validity of the approach used here. As seen in the representative genome segment shown in Fig. 4A , when we compared the sequencing-based expression measurements from samples 5 and 7 across the GBAA1979-88 region (after normalizing for total unambiguously mapped read count across the genome; see Materials and Methods), we observed that in late sporulation (sample 7), genes GBAA1979-80 appear to be transcribed at roughly the same level as in the log-phase sample (sample 5), while genes GBAA1981-6 and GBAA1987 are differentially expressed (roughly 10-fold down and 100-fold up during sporulation, respectively). When we compared these trends to the observations made using array data obtained from equivalent samples (i.e., from RNA isolated at the same point in the life cycle and under the same growth conditions), we found a pattern of differential expression that is essentially identical: genes GBAA1979-80 show an unchanged level of expression, expression of the GBAA1981-6 operon is 14-fold lower, and expression of the GBAA1987 locus is 140-fold higher during sporulation.
This level of agreement was typical across the genome; overall, the sequencing and array-based transcriptional profiles were highly consistent, and the global expression patterns that we observed in our sequencing data matched very closely with what has been reported by our group and others in previous microarray studies (1, 2, 20) . This is consistent with several recent papers that have demonstrated that sequencing-based transcriptional profiling is at least as accurate and reproducible as current array-based methods (14, 23) , and it seems clear that RNA-Seq as described here has the potential to be an extremely powerful tool for studying bacterial gene expression.
Apart from the advantages that we and others have reportedgreater dynamic range, better accuracy and reproducibility, as well as greater flexibility (i.e., it requires no array design and construction and can be used for any microbe, even those for which no finished genome sequence exists)-it is also worth noting that the resolution provided by a sequencing-based approach allows us to directly visualize some of the more subtle elements of bacterial gene regulation. Figure 4B shows an example of this: here, in comparing coverage profiles of B. anthracis growing in O 2 -and CO 2 -rich environments, we observed a putative 8-gene operon in which the first gene (ilvE-1; GBAA1416) showed very little change in expression levels between the two growth conditions, while the downstream genes showed a significantly higher expression level in CO 2. This general trend was confirmed in array-based expression experiments (20) and seemed to suggest the presence of a structural element within the transcript (between GBAA1416 and GBAA1417) that plays a role in determining whether RNA polymerase is allowed to transcribe the remaining genes in the operon. Although very little experimental work has been done in characterizing such regulatory elements in B. anthracis, the creators of the Rfam database (7) used a bioinformatic approach to identify putative RNA structural elements in the B. anthracis genome, and their study predicted the presence of a T-box riboswitch directly between genes at GBAA1416 and GBAA1417. The putative T-box sequence is highly conserved among the Bacilli (8, 25) , and it will be interesting to see if further experiments confirm the activity and function of this element. More broadly, it appears that sequencing-based transcriptional profiles provide an unusually informative view of RNA structural elements and their influence on transcription, and ongoing work in our lab is exploring this in more detail.
As noted above, one of the strengths of the RNA-Seq approach is that it is an inherently unbiased method, so unlike array-based methods, it allows for a rough assessment of each transcript's absolute abundance. With this in mind, we sought to measure the abundance of each transcript in the B. anthracis genome and compile a quantitative profile for the complete transcriptome under each growth condition sampled. As seen in Fig. 5 , the absolute expression levels of genes in the B. anthracis genome follow a continuous distribution, with no obvious divisions into discrete classes expressed at high or low levels. Significantly, the overall shape and continuous nature of this distribution is essentially invariant, even when overall gene expression patterns differ greatly (see Fig. S5 in the supplemental material). This finding, combined with previous indica- tions that Escherichia coli mRNA expression levels also follow a continuous distribution (9) , implies that this feature of the transcriptome may be a general property of bacterial mRNA populations. Interestingly, although the large virulence-associated plasmid pXO1, which is carried by the B. anthracis Sterne 34F 2 strain used in this study, is presumed to be present at a higher copy number per cell than the chromosome itself, we observed that in every sample assayed the average expression level of genes located on pXO1 was lower than the corresponding average level of chromosomally carried genes (4). This difference was statistically significant in each sample (P values by Welch's t test ranged from 0.015 for sporulating cells in CO 2 to 4 ϫ 10 Ϫ32 for log-phase cells in air) and was most pronounced in samples collected during early or mid-log phase and in air rather than CO 2 , which is consistent with previous studies showing that many genes on pXO1 are upregulated late in the life cycle and in the presence of CO 2 (2, 10, 12, 20) . It is not yet clear what the implications of this trend may be for B. anthracis biology and pathogenesis or how common this pattern is in other bacteria, but we note that despite the differences in overall average expression levels, the transcripts derived from pXO1 exhibit an abundance distribution that is similar in shape and continuity to the chromosomal distribution shown in Fig.  5 , which seems to support the idea that this distribution may be universal in bacteria.
The absence of discrete abundance classes has a number of implications for bacterial gene expression and regulation. First, it is clear that there is no obvious separation between genes that are expressed and those that are not. Rather, there are simply degrees of expression across a large range. Given this finding, we sought to give biological significance to these data by translating coverage depth into absolute mRNA abundance. Although precise conversion is impossible without internal standards, we can nevertheless make reasonable estimates based on a simple statistical model in which the sequence coverage for a typical transcript follows a Poisson distribution (see the text in the supplemental material for a detailed description). Assuming there are roughly 1,400 mRNA molecules per cell (11), our model predicts the approximate coverage depth that would be expected for mRNA molecules present at various levels of absolute abundance in a typical cell (Fig. 5) . Although transcript abundance does not necessarily correspond to precise protein abundance, the predictions of the model make intuitive sense. For instance, we observed that in sample 5 (mid-log-phase growth), most of the sporulationassociated transcripts are present at a level of Ͻ0.01 copies per cell, consistent with observations by our group and others that sporulating cells are very rare but can be found in a log-phase culture (data not shown). Both our model and the mRNA abundance distribution we observed suggest that this sort of heterogeneity is more the rule than the exception and implies that many transcripts are present in only a fraction of the cells. This is perhaps the most interesting implication of the transcript abundance distribution ( Fig. 5 ; see also Fig. S5 in the supplemental material): that within a highly synchronized clonal culture (1), individual cells apparently show a great deal of diversity at the mRNA level. Along the same lines, several studies in recent years have shown that gene expression has an inherently stochastic component, which leads to transcriptional, translational, and subsequent phenotypic diversity among cells within a clonal population (5, 19, 21) . Most of these studies have focused on the expression of a single gene, and our data provide a complementary view of this phenomenon by highlighting on a genome-wide scale the heterogeneity that is present in a seemingly homogeneous bacterial population.
In this study, we provided the first unbiased and comprehensive view of a bacterial transcriptome. We have defined in detail the RNA populations found in B. anthracis throughout its life cycle, and we have shown that our data can be used to map transcript boundaries and operon structure on a genomewide scale and to identify previously unrecognized elements in the genome, thereby enhancing existing annotations. Further, the unbiased nature of our approach allowed us to view the transcriptome from an entirely new perspective and observe global trends in transcription that provide insights into stochasticity and diversity within bacterial populations.
